systems (14, 15 ) also support the involvement of oxidative The effect of intracellular oxidative stress on the stress in carcinogenesis. However, few specific mediators development of cell transformation was studied. Mouse derived from cellular lipid peroxidation have been identified.
embryo C3H/10T1/2 fibroblasts pre-treated with benzo[a]
Carcinogenesis is a multistep process (16) , but model pyrene, developed transformed foci on exposure to free systems, in which cultured cells are treated with a mutagen radical generators, such as 2,2Ј-azobis(2-amidinopropane) and/or carcinogen and develop transformed foci, have been dihydrochloride (AAPH) and 3-morpholinosydnonimine established (17). It has been reported that O 2 d -promotes the hydrochloride (SIN-1). These compounds generate peroxyl transformation of the benzo[a]pyrene pre-treated C3H/10T1/2 radicals and peroxynitrite, respectively. Neither AAPH mouse embryo fibroblast, which was suppressed by superoxide nor SIN-1 alone induced transformation. The level of dismutase (SOD) and/or catalase (18) . In the present study, intracellular antioxidants, such as α-tocopherol and glutathe potency of peroxyl radical and peroxynitrite to promote thione (GSH), decreased with time of exposure to the free the transformation of cells was investigated. Peroxynitrite is radical generators, whereas the addition of exogenous α-known to initiate the lipid peroxidation of the phosphatidyltocopherol, GSH and ebselen showed a reduction in the choline liposomes and low density lipoprotein (19-21). The frequency of transformation. An early event during expoperoxyl radical plays a pivotal role as a chain carrying species sure to AAPH and SIN-1 was the generation of acrolein, a for lipid peroxidation independent of the chain initiating highly mutagenic lipid peroxidation product, which was species resulting in generation of the oxidation products. suppressed by the addition of α-tocopherol. Furthermore, Acrolein is a terminal product of lipid peroxidation and is also it was confirmed that acrolein induced the transformation highly reactive toward proteins and DNA (22, 23) . In the of cells which were pre-treated with benzo[a]pyrene but present study, we followed the generation of acrolein in the not of the untreated cells. These results suggest that acrolein early stages of the exposure of ROS and RNS to cells and may act as an important mediator of cell transformation present evidence that implicates acrolein as a promoter of under oxidative stress.
transformation.
Materials and methods Introduction

Materials
Reactive oxygen species (ROS) and more recently reactive α-Tocopherol was kindly supplied by Eisai (Tokyo, Japan). Ebselen was a kind gift from Daiichi Pharmaceutical (Tokyo, Japan The concentrations of AAPH and SIN-1 used in the study were determined by testing their cytotoxicity in cell culture and by measuring their potential nitrogen species; ROS, reactive oxygen species; SIN-1, 3-morpholinosydnonimine hydrochloride; SOD, superoxide dismutase; SOS, sodium to cause lipid peroxidation in soybean phosphatidylcholine liposomes. The effect of the antioxidants on the radical generating capacity of AAPH and 1-octansulfonate.
the oxidative current over a range of electrode potentials by coulometric detection (Coulochem II, ESA) with a guard cell and an analytical cell, which were set at 550 and 700 mV, respectively. LC-18 column (5 µm, 250ϫ4.6 mm, Supelco) in column oven set at 15°C was used and 2% acetonitrile aqueous solution (pH 2.7) containing 75.4 mM sodium phosphate and 147 µM sodium 1-octansulfonate (SOS) was used as the mobile phase.
Determination of acrolein
Acrolein in cell homogenates prepared by using a microsonicator in 50 mM phosphate buffer (pH 7.2) was assayed by either competitive or direct ELISA using a monoclonal antibody raised against acrolein-lysine adducts as previously reported (20) .
Protein assay
Protein concentration was determined by protein assay reagent (BioRad, Hercules, CA) using serum albumin as a standard.
Statistical analyses
Groups of test data (mean Ϯ SD) were compared for significant differences using a Students t-test for unpaired observations. α-tocopherol was more remarkable during the SIN-1 treatment
Analysis of GSH
and, after 72 h of incubation, Ͼ90% of the α-tocopherol was Cells were homogenized in 100 µl 5% trichloroacetic acid and centrifuged at depleted. In contrast, about 50% of α-tocopherol still remained 13 000 g for 3 min at 4°C. The supernatant was filtered (0.2 µm pore size, Millipore) and injected onto an HPLC. GSH was determined by measuring after 96 h of incubation with AAPH. The change in intracellular GSH was modest and did not achieve statistical significance (Figure 3b ). This is possible because both enzymatic regeneration and de-novo synthesis were able to compensate for consumption on exposure to ROS and RNS. These results suggest that both inducers of oxidative and nitrosative stress, AAPH and SIN-1, targeted membranes for modification and this process was occurring in the cells during the transformation process.
Inhibition of free radical-induced transformation by antioxidants
To confirm that ROS/RNS play a role in the observed transformation, the effects of the simultaneous addition of antioxidants were studied. In this experiment, in addition to exogenous α-tocopherol and GSH, ebselen, a seleniumcontaining synthetic antioxidant, which is known to have GSHperoxidase-like activity and reduces peroxynitrite, was used. Since ebselen is a lipophilic antioxidant, it partitions to the cell membranes or lipoprotein in the culture medium.
In the first series of experiments indirect effects of the antioxidants on the ROS/RNS generating systems were deter- of the antioxidants on the initiating oxidants or propagation of the antioxidants used in the present study inhibited BPinitiated transformation (Figure 4) .
Generation of acrolein within cells by exposure to ROS/RNS
To test the concept, suggested by the previous data, that lipid peroxidation produced in the cells contributes to the development of transformation, the formation of acrolein was measured. This lipid peroxidation product has also been shown to form stable adducts with proteins and so could contribute to transformation. Both AAPH and SIN-1 induced a remarkable increase in the intracellular amount of acrolein, which was quantified by ELISA with a monoclonal antibody raised against the acrolein-lysine adduct ( Figure 5 ). Acrolein was generated more slowly in the cells in response to AAPH-treated cells compared with SIN-1. Acrolein generated within the cells decreased with time, suggesting that secondary reactions and/ or turnover of the modified proteins were also occurring. The generation of acrolein induced by AAPH and SIN-1 was inhibited by pre-incubation of the cells with α-tocopherol (Figure 6a and b) . Acrolein was not increased in the cells treated with benzo[a]pyrene alone or in combination with α-tocopherol.
Induction of transformation by acrolein
In order to confirm the ability of acrolein to induce transformation of cells, C3H/10T1/2 cells were treated with acrolein following pre-treatment with benzo[a]pyrene. The concentra- transformation induced by reactive oxygen and nitrogen The rate of oxygen consumption induced by 20 mM AAPH species. These concentrations of acrolein did not increase the was 11.2 Ϯ 0.10 nM/s, which was not changed by the rate of cell transformation in a dose-dependent manner due to addition of GSH (2 mM), α-tocopherol (100 µM) or ebselen cytotoxic effects. (100 µM). The rate of oxygen consumption induced by 200 µM SIN-1 in the presence of the saturated liposome was 12.2 Discussion Ϯ 0.02 nM/s. In the presence of the highest concentration of ebselen (100 µM) the rate of oxygen consumption was 10. 4 The promotion effect of PMA or O 2 d -could be demonstrated for mouse embryo C3H/10T1/2 cells that had been initiated Ϯ 0.03 nM/s. These data indicate that the antioxidants used at the concentrations in the cell experiments are unable to by benzo[a]pyrene (18, 27) , X-rays (28) or ultraviolet light (29) . Although carcinogenesis is a complex multistep process, significantly change the generation of ROS/RNS from AAPH and SIN-1.
this method is useful for evaluating the potency of chemicals in carcinogenesis. In the present study, it was shown that Supplementing the culture medium with α-tocopherol (100 µM) produced about a 1.5-fold increase of intracellular the direct addition of peroxyl radicals or secondary lipid peroxidation initiated by the simultaneous formation of NO α-tocopherol after 3 h of incubation, whereas addition of GSH (2 mM) into the medium did not change the concentration of and O 2 d -was capable of acting as promoter in cells pre-treated by benzo[a]pyrene. intracellular GSH (data not shown). As reported in Table I , GSH showed the most significant inhibition in both the AAPH-
The AAPH and SIN-1-dependent transformation was suppressed by the antioxidants used in this study. The hydrophilic and SIN-1-induced transformations. The fact that α-tocopherol also inhibited the frequency of transformation induced by antioxidant, GSH, was the most effective for inhibiting the development of transformation induced by both AAPH and AAPH and SIN-1 to 39 and 13%, respectively, of the positive control suggests that lipid peroxidation in the cell membranes SIN-1, suggesting that the ROS and RNS generated from AAPH and SIN-1 can be neutralized effectively by this is involved in the development of transformation.
Ebselen was more effective against SIN-1-induced transcompound. This is consistent with the known ability of GSH to scavenge peroxynitrite and to decompose lipid peroxides or formation than AAPH most likely because of its decomposing activity towards peroxynitrite. It should be noted that ebselen, terminate the aldehydic mediators we have identified in the present study. It has recently been reported that in a cellular which does not act directly as a peroxyl radical scavenger, showed an inhibitory effect against the AAPH-induced transsetting the balance between NO and O 2 d -, and hence peroxynitrite formation, from SIN-1 can be altered through the formation consistent with a mechanism involving downstream products of lipid peroxidation rather than peroxyl radicals per cell providing alternate electron acceptors than oxygen (30) . However, even though the yield of peroxynitrite will be altered se. In a series of control experiments it was found that none Figure 3 and acrolein was measured by ELISA using a monoclonal antibody raised against acroleinlysine adduct. m, AAPH; j, SIN-1. generate the most stable product, N ε -(3-formyl-3,4-dehydropi-
